INTRODUCTION
The AlN/GaN heterostructure is an attractive material system for high power/high frequency FET devices due to the high polarization difference between the AlN barrier and the GaN buffer layer. Two-dimensional electron gas (2DEG) densities of up to 6 Â 10 13 cm À2 can be reached and planar enhancement mode devices have been realized. [1] [2] [3] One open point in the understanding of these heterostructures is the analysis of the surface barrier characteristics of the free surface and here especially the correlation between surface potential and surface traps, which are thought to act as surface donors and are therefore also thought to be the source of the electrons in the 2DEG. 4 The surface potential (or surface barrier height) is given by the position of the surface Fermi level, relatively to the conduction band minimum.
Apart from physical surface characterization methods like angle-resolved x-ray photoelectron spectroscopy 5 or Kelvin force microscopy, 6 the analysis of the surface barrier characteristics is usually performed either by Hall or by Schottky diode measurements. However, Hall measurements are restricted to barrier layer thicknesses where the 2DEG is not completely depleted by the surface potential and may thus be difficult to apply for enhancement mode devices, if the surface potential of the free surface does not deviate essentially from that of the Schottky contact. The analysis of Schottky diodes becomes inadequate in the case of thin barrier layers, like in the case of AlN/GaN heterostructures, and under forward bias due to tunneling across the barrier. Besides, the Schottky barrier may be different than the barrier on the free AlN surface.
A relatively large number of studies to determine the surface potential in dependence of the barrier layer thickness have been performed for the case of AlGaN/GaN heterostructures. For the case of an Al content of 34%, originally a single trap level and a pinned surface potential of 1.65 eV below the conduction band minimum was proposed, 4 but recent studies indicated that the trap level might be distributed in energy, also depending on the Al content in the AlGaN barrier and on the surface processing treatment employed, like oxidation or plasma treatments. [5] [6] [7] [8] These differences might be partially explained by surface donors of different density and energy distribution. 5 In the case of lattice-matched InAlN/GaN heterostructures grown by metal-organic chemical vapor deposition (MOCVD), a constant and relatively low surface potential of $0.6-0.8 eV has been extracted. 9, 10 For the case of AlN/GaN heterostructures, no detailed data are available so far up to our knowledge. Here it is important to note that AlN barrier layers of high quality can only be grown up to a thickness of 4-6 nm due to the large lattice constant mismatch to GaN. Therefore, the analysis of the dependence of the surface potential on the barrier layer thickness is only reasonable in a small range of thin barriers.
In this work, we have analyzed AlN/n þ -GaN heterostuctures by electrochemical capacitance-voltage measurements. The electrolyte-semiconductor contact suppresses tunneling across the interface (within the potential window of water dissociation), the n þ doped GaN bulk provides a backcontact and therefore allows the analysis also below pinchoff of the 2DEG. The measurements have been performed in a water-based solution, and the surface is therefore expected to be oxygen-terminated, similar to the case of the technically treated surface during device processing. The method of analysis shown here is especially suited for thin barriers of only a few nm designed for enhancement mode of FET operation.
EXPERIMENTAL
The AlN/n þ -GaN heterostructures were grown by molecular beam epitaxy (MBE) on sapphire substrates and semi-insulating GaN buffer layers in a Veeco Gen 930 system. The gas flux was F Ga ¼ 2.27 Â 10 À7 Torr, the RF power P % 240 W, and the growth temperature T % 630 C. The doping concentration in the 90 nm thick n-type GaN layers was $9 Â 10 19 cm
À3
, as confirmed by electrochemical capacitance-voltage measurements of a reference sample without AlN barrier layer (see below). The thickness of the nominally undoped AlN barrier layer was varied between 1.0 nm and 4.0 nm. A schematic cross-section of the heterostructures is depicted in Fig. 1(a) . The surface roughness of the samples (RMS value) measured by atomic force microscopy was about 0.3 nm (see Fig. 1(b) ). No pits were observed.
For the electrochemical measurements, the heterostructure samples were mounted on a copper holder, contacted using silver paste and passivated with a polytetrafluoro ethylene (PTFE)-based adhesive tape with a perforated opening of 1 mm in diameter, which determined the area of the heterostructure electrode exposed to the electrolyte. The surface was therefore not exposed to any thermal or plasma treatment. However, even the exposure to air or electrolyte might affect the surface barrier characteristics. The free surface should therefore to be considered as a "technical" surface.
The electrochemical measurements were performed in a standard three-electrode glass cell with a platinum counter and a saturated calomel reference electrode (SCE) in 0.1 M KCl solution (pH % 6) using a PARSTAT 273 potentiostat. The corresponding measurement setup is schematically shown in Fig. 2 . The current across the AlN/GaN heterostructure-electrolyte interface (by means of cyclic voltammetry) or the corresponding interface capacitance (by means of capacitance-voltage measurements) is recorded as a function of the potential difference between the sample and the reference electrode. The current flows to the Pt counter electrode, whereas there is no DC current across the reference electrode. This three-electrode system ensures that the measurements are not affected by the characteristics of the counter electrode-electrolyte interface. All measurements were performed at room temperature in the dark. One important point in the analysis is the equilibrium, i.e., the electrode potential versus reference when no external bias is applied. This open-circuit potential was measured to be $þ0.1 V vs. SCE for the case of 0.1 M KCl electrolyte. All electrode potentials in the following will be related to this value and therefore correspond to the externally applied bias. More positive potentials correspond to depletion of the n-type channel, and more negative potentials correspond to accumulation.
The experimental results were compared with simulations of the AlN/GaN heterostructures using a numerical Schr€ odinger-Poisson solver (Silvaco V R ), taking into account the polarization discontinuity between AlN and GaN of 6 Â 10 13 cm À2 and a doping concentration of 9 Â 10 19 cm
(which determines the position of the Fermi level in the n þ -doped GaN bulk).
RESULTS AND DISCUSSION

Flatband conditions in polar heterostructures
To determine the surface potential of doped bulk semiconductors from capacitance-voltage measurements, usually the flatband voltage (or flatband potential) is measured. However, in the case of a polar III-nitride heterostructure, there are two different flatband conditions. Flatband in the AlN barrier layer occurs under an applied forward bias, where the full 2DEG density corresponding to the polarization discontinuity is reached. In this case, the 2DEG and the ionized surface trap counteract and compensate the internal polarization field in the barrier. 11 On the other hand, flatband in the n þ -doped GaN bulk appears when the 2DEG is fully depleted. A higher depletion voltage will result in depletion of the doped GaN bulk, like in the case of doped bulk semiconductors. [12] [13] [14] The potential window for the measurement is that of water dissociation (see Fig. 3 ). Thus, as already mentioned, the method is especially suited for thin barrier heterostructures which are otherwise difficult to analyze. With the analysis described above, both flatband conditions have been be analyzed, which is not possible with Hall or Schottky diode measurements.
Characterization of the heterostructures Fig. 3 shows the results of a cyclic voltammetry measurement (which records the current across the semiconductorelectrolyte interface for the case of a cyclic potential scan between the onset potentials for hydrogen and oxygen evolution) for the case of a barrier layer thickness of 2 nm. All other samples (with and without different AlN barrier layer thicknesses) showed similar characteristics. The potential window of water dissociation, which is limited by hydrogen evolution and negative and oxygen evolution at positive potentials, is slightly below 3 V, similar to that of other III-nitrides. 10, 13 Within this window, the current is determined by charging and discharging of the interface capacitance, and electrochemical measurements of the heterostructure are possible without strong anodic oxidation or cathodic etching. The hysteresislike characteristics of hydrogen and oxygen evolution currents might be explained by slow adsorption and desorption of intermediate products formed during the reactions. Fig. 4(a) shows the capacitance-voltage measurements (Mott-Schottky plots) of a GaN reference sample without AlN barrier, revealing a doping concentration of 9 Â 10 19 cm
À3
. In this case, only one flatband conditions exists. At this potential, the capacitance is determined by the electrochemical double layer capacitance, which is related to the adsorption of ions on the AlN-electrolyte interface. The double layer capacitance was taken to be $10 lF/cm 2 and potential-independent, similar to previous studies. 10, 12 The corresponding applied flatband potential V FB,appl ¼ À1.6 V partially drops across the double layer capacitance (DV DL ) and partially across the depletion layer capacitance (DV SC ) in the semiconductor in series. The potential drop across the GaN can be calculated by
where C SC % 2.3 lF/cm 2 is the calculated depletion layer capacitance under no applied bias. This calculation results in a potential drop across the semiconductor of 1.2-1.3 V and a surface potential of about 1.0 eV, considering that the Fermi level in the GaN bulk lies within the conduction band (see Fig. 4(b) ), as calculated by the Schr€ odinger-Poisson simulation tool. This value for the surface potential of GaN is similar to that obtained by Kelvin force microscopy, although also significantly lower surface potentials have been observed for highly doped GaN. 15, 16 A possible explanation for the higher surface potential in our case could be that even in the absence of any additional surface treatment, the exposure of the surface to atmosphere or to the electrolyte can lead to the formation of a thin native oxide layer and therefore affect the surface potential, as stated before. However, the extracted surface potential of 1.0 eV for an "air-exposed" GaN surface is still reasonable, considering also that this technique has already been successfully used for the analysis of other doped semiconductors. The main challenge in interpreting the measurement results is now the extraction of the potentials for flatband in the AlN barrier and the GaN bulk, respectively. These potentials were taken from the potential points where the measurement data start to deviate from the two-step approximation (not taking the 2DEG into account) and are listed in Table I . Coming from highly negative potentials (full 2DEG developed), fit and measurement start to deviate at À1.2 V, which can be explained by the onset of partial depletion of the 2DEG with more positive applied potentials. This value is taken to be the potential for flatband in the barrier V FB,AlN and is (at least in first approximation) independent of the barrier thickness. In the same way, the potential where fit and measurement data again coincide can be taken as the flatband potential in the GaN buffer V FB,GaN . The value clearly depends on the barrier layer thickness. In the case of a 4 nm barrier, this potential is already outside the measurement window. In summary, the measurements indicate that flatband in the AlN barrier is reached at a potential of À1.2 V independent on the barrier thickness, while the potential required for flatband in the GaN buffer increases with barrier layer thickness.
Band diagrams under both flatband conditions and under equilibrium
The extracted flatband potentials allow the construction of the band diagrams under both flatband conditions and under equilibrium. The two extreme possible scenarios would be a completely unpinned and a fully pinned surface. In the first case, the band diagram under zero applied bias would show a slope within the AlN barrier layer independent on the barrier layer thickness and therefore always the same 2DEG density. This would result in a linear increase of the surface potential with barrier layer thickness. In case of a fully pinned surface potential, the slope across the AlN barrier and the 2DEG density at zero bias would depend on the AlN layer thickness. The third possibility is the case of a surface donor distributed in energy, leading to a variation of the surface potential in a certain range. Figure 6 (a) depicts the case of flatband in the AlN barrier for the present case. Starting on the GaN side of the heterostructure, the difference between Fermi level and conduction band minimum is determined by the doping concentration to $0.3 eV. In the same way, the depth of the potential well at the AlN/GaN interface is given by the maximum 2DEG density to $1.1 eV (both calculated using the Schr€ odingerPoisson simulation tool), taking into account the full development of the 2DEG under this flatband condition. Since the 2DEG and the ionized surface charge fully compensate the internal polarization field in the AlN barrier, the net slope across the barrier becomes zero, and the surface potential can be calculated as the sum of the measured flatband voltage and the part of the conduction band discontinuity at the AlN/GaN interface, which is above the (quasi-)Fermi level in the GaN bulk. Taking a conduction band discontinuity of $1.8 eV, [17] [18] [19] the analysis results in a surface potential of 1.9 eV independent on the barrier layer thickness (see Fig. 6(a) ), since the potential for flatband in the AlN barrier was measured to be the same for all three barrier thicknesses (see Fig. 5) .
A similar analysis can be performed under the condition of flatband in the GaN bulk, as shown in Fig. 6(b) . Here one has to take into account that the slope across the AlN barrier corresponds now to the full polarization field, which is $0.9 V/nm for a fixed polarization charge corresponding to 6 Â 10 13 cm
À2
. 17, 19 Taking the measured values for V FB,GaN into account (at least for the cases of 1 nm and 2 nm), the analysis results again in a value close to 1.9 eV. Figure 6(b) shows that the 4 nm barrier would require a flatband potential of $3.2 eV, which is outside of the available measurement range (see Figs. 3 and 5) . All results are summarized in Table I .
The obtained results allow also the construction of the band diagrams under no applied bias, as shown in Fig. 6(c) . Since the surface potential is independent on the barrier layer thickness, the slope across the AlN barrier decreases with increasing thickness. This means a higher 2DEG density for larger barrier layer thicknesses.
One can also imagine what should to be expected for the case of a completely unpinned surface potential. As stated TABLE I. Extracted potentials for flatband condition in the AlN barrier and in the GaN buffer layer, respectively. The surface barrier qu B calculated from these values is $1.9 eV and independent on the barrier layer thickness (see also band diagrams in Fig. 6 ). before, this would result in a 2DEG density at zero bias which would be independent on the AlN barrier thickness. In this case, the voltage required for flatband in the AlN barrier would increase linearly with increasing barrier layer thickness, since the 2DEG would have to be accumulated across a decreasing capacitance. However, this was not observed in our experiments. The physical or chemical nature of the surface trap corresponding to the surface potential of 1.9 eV has not been attempted to identify yet. The surface trap might be related to surface oxide groups, since the samples have been exposed to air and have been measured in a water based solution. One important aspect is the density of the surface traps which determine the surface potential. The simulations show that the band diagram in Fig. 6(c) can be explained by a trap density equal to or larger than the polarization charge discontinuity of 6 Â 10 13 cm À2 between AlN and GaN. A surface trap density of exactly 6 Â 10 13 cm À2 would imply that the trap is a direct consequence of the polarization itself, as proposed for the case of InAlN/GaN heterostructures. 9 Unfortunately, the number of experiments is still too limited to distinguish between the two possibilities. The trap is energetically located 1.9 eV below the conduction band minimum at the AlN surface. The analysis gives a surface potential of 1.9 eV independent on the barrier thickness.
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